Abstract Monochlorobenzene (MCB) is an important groundwater contaminant world-wide. In this study, a horizontal subsurface flow constructed wetland with an integrated water compartment was fed with MCB contaminated groundwater originating from the local aquifer. Analysis of spatial concentration dynamics of MCB and oxygen was combined with isotope composition analysis of MCB for assessing in situ biodegradation. Removal of MCB was most effective in the upper layer of the soil filter, reaching up to 77.1%. Trace oxygen concentrations below 0.16 mg L 21 were observed throughout the wetland transect, suggesting a considerable limitation of aerobic microbial MCB degradation. Enrichment of 13 C in the residual MCB fraction at increasing distance from the inflow point indicated microbial MCB degradation in the wetland. The observed isotope shift was higher than expected for aerobic MCB degradation and thus pointed out a significant contribution of an anaerobic degradation pathway to the overall biodegradation.
Introduction
Monochlorobenzene (MCB) was released into the soil at many chemical production sites as a result of its sustained production and use over several decades. It is encountered worldwide as a groundwater pollutant and persists in the essentially anaerobic aquifer at the large-scale contaminated site in Bitterfeld, Germany (Heidrich et al., 2004) .
The major mechanism of aerobic MCB degradation is dechlorination, usually initiated by dioxygenative hydroxylation (Vogt et al., 2004) . Only some evidences of MCB transformation under anoxic conditions have been presented yet (e.g. Nowak et al., 1996) . Recently, indications for anaerobic MCB degradation processes were found in the Bitterfeld aquifer on the basis of isotope fractionation patterns (Kaschl et al., 2005) . Kinetic isotope fractionation processes may be employed to demonstrate the biological transformation of organic contaminants (Richnow et al., 2003a) . A substantial enrichment of 13 C in the non-degraded fraction in the course of a contaminant plume indicates microbial degradation, as dilution and sorption do not significantly affect the isotope composition of contaminants (Harrington et al., 1996; Slater et al., 2000) .
Wetland systems represent an effective and inexpensive way to treat groundwater polluted with organic compounds by taking advantage of the geochemical and biological processes (Haberl et al., 2003) . Indeed, effective degradation of chlorinated organics has been observed in wetland rhizospheres (Anderson and Walton, 1995; Lorah and Olsen, 1999) . Anaerobic and aerobic zones exist in close proximity in the rhizosphere of wetland plants as a result of oxygen release through the roots (Stottmeister et al., 2003) .
This potentially leads to a considerable enhancement of the degradation potential for different organic contaminants.
Little is known about the behaviour of chlorinated benzenes and the relevant removal processes in constructed treatment wetlands. In general, most investigations on phytoremediation of chlorinated hydrocarbon contaminated waters and soils were carried out under laboratory conditions using micro-or meso-scale systems. Field investigations in pilot or full-scale treatment wetlands are missing. A greater understanding of contaminant removal processes is required to reliably predict the retention and transformation of MCB in wetland systems. Especially, knowledge about oxygen availability and distribution is essential to evaluate the contribution of aerobic microbial degradation to contaminant removal. Information on vertical and longitudinal variations of contaminant and oxygen concentrations in constructed wetlands is presently limited. Biodegradation, as the only process leading to sustainable contaminant reduction in wetland systems, needs to be assessed in situ. In this study, we investigated the spatial variations of oxygen and MCB concentrations in combination with an evaluation of in situ biodegradation in a wetland treating MCB contaminated groundwater.
Methods

Experimental setup
The pilot-scale constructed wetland was built at the SAFIRA (remediation research in regionally contaminated aquifers) groundwater research site in Bitterfeld, Saxony-Anhalt (Germany). At the site, the groundwater is mainly contaminated by MCB with maximum concentrations of 22 mg L 21 (Vogt et al., 2002) . The constructed wetland was designed as a horizontal subsurface flow system and consisted of a stainless steel container measuring 6 £ 1 £ 0.7 m. It was filled to a height of 0.5 m and a length of 5 m with the local aquifer material, leaving the last metre as an open water compartment. The aquifer material used as filter material for the wetland consisted of sand with 30% gravel and 4% silt. Due to residues of the local lignite seam, TOC varied between 1.5 and 2.0%. The iron content of the sediment ranged from 0.8 to 1.3%. The soil filter was planted with common reed (Phragmites australis (Cav.)) and was continuously supplied with anaerobic contaminated groundwater at a flow rate of 4.7 L h
21
. The water level was adjusted to 0.4 m by a float vale in the water compartment; water volumes pumped off were controlled by a flow meter.
Sampling
The current long term investigation was carried out from November 2004 to October 2005. Samples were taken at 0.5, 1, 2, 3 and 4 m distance from the inflow at 0.3, 0.4 and 0.5 m depth of the soil filter. The water compartment was sampled in 0.3 m depth. Water sampling was carried out with stainless steel lances (3.5 mm inner diameter) and peristaltic pumps at a sampling rate of 78 mL min 21 . For isotope composition analysis, pore water samples were collected in April and May 2005 at 0, 1 and 3.5 m from inflow and in the water compartment at 0.5 m depth. NaOH pellets were added to inhibit microbial growth. All water samples were stored without headspace at 4 8C until analysis. was 280 8C. Helium served as carrier gas with a constant flow of 1.7 mL min 21 . Samples were shaken for 1 h at a temperature of 60 8C prior to injection of 1 mL headspace with split 1:5. Oxygen concentrations were measured in flow through mode using an optical oxygen trace sensor system (sensor FTC-TOS7 and instrument FIBOX-3-trace, PreSens, Regensburg, Germany).
Samples for carbon isotope composition analysis of MCB were extracted within 24 h using 2 mL n-pentane as described previously (Richnow et al., 2003b) . The carbon isotope composition was measured with a gas chromatography-combustion-isotope ratio mass spectrometry system (GC-C-IRMS) consisting of a GC unit (HP 6890, Agilent technologies, Palo Alto, USA), a combustion device (Finnigan MAT GC III) with waterremoval assembly (Nafionw membrane, 50 cm long, T ¼ 0 8C) and a mass spectrometer (Finnigan MAT 252) (ThermoFinnigan, Bremen, Germany). Helium was used as carrier gas at a flow rate of 1.5 mL min 
Results and discussion
Spatial concentration dynamics of MCB were determined as a function of the distance from inflow and depth of the soil filter (Figure 1) . A strong relationship between average concentration decrease and the investigated depth of the soil filter was observed. In the upper layer (0.3 m depth), the mean removal efficiency was 77.1% after 4 m of the flow path. Concentration decrease was much lower in deeper zones of the soil filter, reaching an average of 52.3 and 37.1% at 0.4 and 0.5 m depth, respectively. The more effective removal in the upper soil layer may be attributed either to emission of the contaminant from the soil surface or to increasing aerobic microbial MCB oxidation supported by elevated oxygen concentrations in this zone. Higher oxygen concentrations are possibly a result of diffusion of atmospheric oxygen or of oxygen input from plant roots into the upper soil zone. However, most of the residual contaminant charge was eliminated in the adjacent water compartment, probably due to volatilisation and aerobic microbial degradation. Keefe et al. (2004) investigated the removal efficiency of a large-scale 21 . The removal efficiency was found to range from 63 to 87%. Although the initial concentrations were more than four orders of magnitude higher in our experiment, the relative removal rates in the upper layer of the wetland were similar to the ones reported by Keefe et al. (2004) . Spatial concentration dynamics of oxygen were determined in the soil filter of the constructed wetland to investigate the prevailing redox conditions, and thus the possibility of aerobic microbial MCB degradation. In general, very low oxygen concentrations were observed throughout the wetland profile (Figure 2) . Taking into account the oxygen demand for mineralisation of MCB (7 mol O 2 per mol MCB) and the high inflow concentrations of the contaminant (22 mg L 21 ), a strong oxygen limitation can be concluded.
Oxygen released from plant roots may be rapidly consumed by microbial processes and thus will not lead to entirely aerobic conditions. Nevertheless, in the direct vicinity of the roots, aerobic compartments may exist and contribute to aerobic MCB degradation. Only on the first part of the flow path (up to 1 m distance from inflow), relatively higher average concentrations were observed, reaching a maximum of 0.16 mg
in the upper layer of the soil filter. This may be a result of oxygen input by plants as the plant density was also highest in this zone of the wetland. The spatial heterogeneity of the plant stock can be attributed to limitation of nutrients, in particular of ammonia and phosphorus (data not shown).
To assess in situ biodegradation and to gain evidence for possible microbial degradation pathways, the carbon isotope fractionation of MCB in the wetland was investigated. A decrease in MCB concentrations over the transect as shown in Figure 1 was systematically associated with a significant enrichment in 13 C (Table 1 ). This indicates that MCB was biodegraded in situ, assuming it has an isotopically homogeneous source and sorption and dilution do not significantly affect the isotopic composition.
MCB showed a maximum isotope shift of 0.65‰. Kaschl et al. (2005) found that the aerobic degradation of MCB only results in a very low fractionation effect, whereas the reductive dechlorination of e.g. trichlorobenzene exhibits a higher isotope fractionation (Griebler et al., 2004) . The fact that a considerable isotope shift associated with concentration decrease of MCB was observed in the actual experiments suggests the predominance of an anaerobic degradation pathway in the wetland. An isotope shift of more Figure 2 Oxygen concentrations as a function of the distance from inflow at 0.3 (grey), 0.4 (white) and 0.5 m (grey-white) depth of the soil filter (average of seven measurements taken over the study period, error bars represent standard deviations) than 4% was observed between the fringes and the centre of a MCB plume in the anaerobic aquifer in Bitterfeld (Kaschl et al., 2005) . In the heterogeneous wetland system, processes such as sorption, dilution, volatilisation and plant uptake may contribute to the decrease in contaminant mass without affecting the isotope composition. This would lead to an underestimation of isotope fractionation. Due to the lack of a laboratory-derived fractionation factor for anaerobic MCB degradation, the respective contribution of anaerobic degradation processes to overall in situ biodegradation in the wetland could not be quantified. Nevertheless, the qualitative evidence for anaerobic MCB biodegradation in the wetland is a step towards greater understanding of MCB elimination in wetland systems. The mechanistic identification and the quantification of aerobic and anaerobic MCB degradation processes should be addressed in further experiments.
Conclusions
The actual data show that MCB concentration decreased along the wetland transect, suggesting the occurrence of active removal processes in the system. The removal was most effective in the upper layer of the soil filter. Low integral oxygen concentrations prevailed throughout the wetland and probably limited aerobic microbial degradation processes. It is likely that aerobic processes were restricted to the vicinity of the plant roots. Enrichment of 13 C in the residual contaminant fraction provided evidence for in situ MCB biodegradation and suggested that anaerobic microbial degradation processes played a relevant role. This is of great interest as knowledge about the mechanism and efficiency of anaerobic MCB degradation is still very limited in general. Furthermore, these findings confirm the multifunctional character of constructed wetlands. The interactions of plants, soil and microorganisms create an extremely heterogeneous environment and biogeochemical gradients in the wetland system. The input of oxygen into the rhizosphere performed by wetland plants leads to the formation of aerobic zones near the root surface so that aerobic microorganisms should prosper in the root zone. As the oxygen is rapidly consumed for oxidation of organic carbon, anoxic conditions prevail in the bulk soil and anaerobic microorganisms can establish there. This allows the simultaneous occurrence of aerobic as well as anaerobic MCB biodegradation pathways in the constructed wetland. 
